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Background
Since the publication of two "complete" first drafts of the human genome [1, 2] , a huge continuing effort is being made to annotate the human genome. Whereas some regions remain poorly annotated, the exact positions of most -protein coding -genes are now defined. This allows the systematic analysis of the influence of the position of genes on various of their properties, such as their expression level and tissue distribution. The positional clustering of co-expressed genes is common in prokaryotes (operons) and was recently described in Saccharomyces cerevisiae [3] , in
Caenorabditis elegans [4, 5] and in Drosophila melanogaster [6, 7] . Throughout the human genome, it is often supposed that genes are randomly distributed, except for tandem duplicates.
However, clusters of highly expressed genes were recently revealed in the Human genome [8, 9] .
To date, no clear functional relationships between genes in these clusters have been identified and their biological meaning, if any, is yet to be determined.
Two studies were carried out on the expression level of sets of co-localized human genes. Caron et al. [8] analyzed the gene expression profiles for any chromosomal regions in various tissue types (Human Transcriptome Map). The genes studied corresponded to about 24,000 UniGene clusters and expression levels were estimated from 12 SAGE libraries made in different conditions. This study revealed about 50 large regions, called RIDGEs (Region of IncreaseD Gene Expression), showing a clustering of highly expressed genes. A similar study by Lercher et al. [9] (based on 11,000 UniGene clusters and 14 SAGE libraries) suggested that such RIDGEs might mostly consist of housekeeping genes and no clusters of genes with similar tissue expression profiles were identified.
In order to specifically analyze tissue specific expression, other studies were based on sets of genes expressed in a given tissue. Gabrielsson et al. [10] performed a micro-array analysis of genes expressed in the adipose tissue. Mapping these genes back on the human genome, revealed clusters of adipose tissue specific genes on chromosomes 11, 19 and 22. Using ESTs, Dempsey et al. [11] focused on genes from chromosomes 21 and 22 expressed in the cardio-vascular system (CVS).
They showed some chromosomal clustering of these genes. Bortoluzi et al. [12] performed a similar study on genes expressed in the skeletal muscle. They identified positional clusters of skeletal muscle genes on chromosomes 17, 19 and X. Finally, an EST analysis of the murine placenta by Ko et al. [13] identified clusters of placenta specific genes on chromosomes 2, 7, 9 and 17. Overall, these studies suggest that clusters of tissue specific genes do exist, and might be more frequent than initially thought.
Previous studies were based on the whole set of genes expressed in a particular tissue, irrespective of the behavior of these genes in other tissues. In order to evaluate the clustering of genes specifically expressed in any tissue -not specified in advance -, we performed a comprehensive analyzed of the expression profiles of all genes identified along human chromosomes 20, 21 and 22.
These chromosomes were chosen as the most complete and best annotated available human chromosomes. For each gene, we first estimated the expression level in various tissues from the public EST database and then computed the probability of differential expression in each tissue. We then compared these probabilities with those calculated for the neighboring genes and looked for a succession of genes specifically over-expressed (SOGs) in a given tissue. This procedure revealed more of such clusters than expected at random.
Results

Relationship between Gene Expression and Tissue type
The following analyses were based on the number of specifically expressed genes (SEGs) in each tissue category and on chromosomes 20, 21 and 22 (using a p-value > 0.90). Tissue categories were pooled in three groups according to their origin: a diseased group (DIZ), a healthy and infant group (INF), and a healthy and adult group (ADLT). Chromosome analysis. On each chromosome, 80% of the genes were found differentially expressed in at least one tissue category. The same proportion was found by Su et al. [14] in an analysis of the human transcriptome map. The remaining 20% represents genes ubiquitously expressed (i.e.
housekeeping genes), or weakly expressed genes. The expression level of such genes -represented by low EST numbers -cannot be reliably estimated nor their differential expression status.
Genes with erratic expression levels. The number of tissue types associated with significant differential expression (p > 0.90) was estimated for each gene. We noticed that some genes were statistically identified as "differentially expressed" in more than 50% of the tissue types ( Table 2 ).
Our statistical test is performed by comparing the number of cognate ESTs found for each library type to the number found for all other library types aggregated as one virtual "average" tissue. With this procedure, genes exhibiting expression levels fluctuating highly above or below the average (over all the other tissues), may appear significantly differentially over-or under-expressed in numerous libraries. The genes we found exhibiting this erractic behavior were all highly expressed, corresponding to a large number of ESTs such as ribosomal proteins, known to be found in all tissues. This strongly suggests that the erratic EST counts (from almost none, to much higher than average) has an artifactual origin, e.g. an untold "normalization" procedure. Indeed, it is (and was)
customary for a number of EST sequencing laboratories not to record (or even not to pick the clones corresponding to) the many instances of the most abundant transcripts (such as ribosomal proteins, elongation factor EF-Tu, and the like). This ad hoc -but not consistent-subtraction of the most abundant ESTs (even though the libraries are not normalized) is the most probable cause for the corresponding gene to appear either over-or under-expressed in many tissues. We thus removed them from our subsequent analyses.
Correlation Islands
We searched for correlation islands, defined as clusters of at least three successive SOGs in a common tissue (see Material and methods). Nine, 5 and 17 clusters of SOGs were found for chromosomes 20, 21 and 22, respectively. To assess the statistical significance of these results, we computed the probability of finding such a number of clusters under a random permutation of the gene order along the chromosomes. This probability was found to be very low (Table 3) . We can thus confidently conclude that there are more clusters that expected by chance, and further explore their potential biological meaning.
The functional annotation of these gene clusters is shown in Table 4 . No functional correlation was identified within the clusters, but such a correlation would be hard to establish
given the lack of a defined function for many of the genes.
Two clusters (III and IV on chromosome 22) were each composed of three genes, two of them being annotated as having exactly the same function. These genes are from computer prediction and may correspond to a single gene erroneously interpreted as two different genes. As this particularity concern only two clusters, we did not consider them further.
Discussion
The analysis of all genes along chromosomes 20, 21 and 22, identified clusters of coexpressed genes (e.g. the known immunoglobulin cluster), and genes expressed in every tissue (e.g. some ribosomal proteins). with its specific expression patterns-may arise in the same organ [15] . In principle, only diseased tissues corresponding exactly to the same disorder should be pooled. When dealing with diseased tissues, our protocol was thus expected to provide a distorted view of their gene expression patterns.
As in all statistical studies, sample size is important. As less fetal/infant libraries were available, less fetal or infant tissue specific gene clusters were detected.
In a study of Drosophila gene clusters, Spellman et al. [6] found that no functional relationship could be detected between the genes within a cluster. Our study again failed to reveal any relationships between the gene forming co-expressed/co-localized clusters. However, the large proportion of genes with no defined function is not allowing any final conclusion to be drawn.
Chromatin is usually described as been divided into "open" domains, where genes have the potential to be expressed, and domains of "closed" regions, where gene expression is shut down.
The existence of co-expressed/co-localized gene clusters is consistent with a model where large chromatin regions would change their activity (openness) status in a tissue specific manner, allowing neighboring genes to be transcribed or shut down in a coordinated way. Such a model, confirmed by our study, has been around for quite sometimes, although experimental evidence have been obtained for only a few tissues and cell types [16, 17] .
Materials and methods
EST and Libraries
Human ESTs were obtained from dbEST (release Oct.2001) [18] . Pooled, subtracted or normalized libraries were removed from the study. 
Genes on Chromosomes 20, 21 and 22
Gene sequences were downloaded from Ensembl (release Nov.2001). As we analyzed the gene expression along the chromosomes, the various transcripts of a single gene were not considered. We used both known and novel genes predicted by Ensembl. Respectively, 694, 243 and 595 gene sequences were found for chromosomes 20, 21 and 22. As the Ensembl sequence identifier might change from one release to the next, a correspondence between the Ensembl sequences and the NCBI sequences is given in Table 4 .
Gene Expression Profiles
Every gene was compared to the total EST set of the corresponding group at high stringency 
Differential Gene Expression
To assess its differential expression in a tissue category and for a given group (DIZ, INF or ADLT), every contig was compared to the total EST set of this group at high stringency (previously described matrix). The hit list of cognate matches was then separated in two groups: ESTs from the corresponding tissue category vs. any other tissue categories. The statistical significance of the difference in frequencies between these two groups was computed according to a previously published formula [20] . The groups of diseased, infant or adult tissues were treated independently.
Correlation Island
Correlation islands were considered as clusters of at least three successive SOGs (p-value > 0.90) in the same tissue category. To assess the biological meaning of these clusters, we estimated the probability of finding such a number of clusters under a randomization of the gene position along the chromosomes (5,000 randomizations). The probabilities are presented in Table 3 . Number of clusters at real position (Real Nc), mean number of clusters at random position (Random Nc) and probability to find the actual number of clusters by chance. 
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